The expressions of the isofunctional genes ubiD and ubiX of the ubiquinone biosynthetic pathway of Escherichia coli were compared under a variety of growth conditions and in several genetic backgrounds. LacZ operon fusions were constructed and were inserted in single copies into strain MC4100 and into its fnr, arcA or hemA carrying derivatives. During aerobic growth the expressions of both ubiD and ubiX depended on the carbon source: succinate s glycerol s glucose. Mutations in fnr, arcA or hemA increased the expressions of both genes. During anaerobic growth in LB medium glucose strongly inhibited the expression of ubiD but not of ubiX.
Introduction
All organisms synthesize ubiquinone by similar pathways, variations occur mainly in the order of steps. The quinoid nucleus is derived from shikimate, which is made from chorismate in bacteria and from tyrosine in most eukaryotes [1] . The polyprenyl side chains are synthesized from dimethylallyl diphosphate in bacteria and from acetate in eukaryotes [1] .
The ¢rst two committed steps of ubiquinone synthesis in Escherichia coli are the formation of 4-hydroxybenzoate from chorismate and the fusing of the octaprenyl side chain onto this substance. These reactions are catalyzed by chorismate pyruvate lyase and by octaprenyltransferase, the products of the ubiC and ubiA genes respectively [1] . The regulation of the ubiCA operon was studied by linking its regulatory region to a lacZ reporter gene and by inserting a single copy of this construct into the E. coli chromosome [2] . Gene expression in minimal medium with glucose as the carbon/energy source was 2.4-fold greater under aerobic than under anaerobic conditions. When glucose was replaced by maltose, glycerol, lactose or lactate, gene expression increased 1.3^1.8-fold under aerobic conditions. This suggested sensitivity to inhibition by glucose. The regulatory protein FNR appears to control this operon, because during anaerobic growth there was a 2.7-fold increase in gene expression in an fnr strain [2] .
The regulation of ubiG gene expression was also investigated. The product of the ubiG gene is a methyltransferase, which methylates 2-octaprenyl-6-hydroxyphenol in the ¢fth, and 2-octaprenyl-3-methyl-5-hydroxy-6-methoxy-1,4-benzoquinol in the ninth (last) reaction of ubiquinone biosynthesis [1] . In these experiments a lacZ-ubiG construct on a plasmid was used. The expression of ubiG was higher under aerobic than under anaerobic conditions. Glucose inhibited and cyclic AMP increased the expression of ubiG [3] .
In an earlier report [4] , we noted that introduction of multiple copies of ubiX genes into E. coli strain IS16 resulted in an increase in its ubiquinone content. This observation prompted us to study the regulation of ubiX and compare it to that of ubiD, its isofunctional counterpart. There is as yet no report in the literature on the regulation of these genes. Such a comparison may shed light on the di¡erences in the physiological roles of these two genes.
Materials and methods

Bacteria, plasmids, cell growth, L-galactosidase assay
The strains and plasmids used in this study are listed in Table 1 . Plasmid PnoTA/T7 was purchased from 5 PrimeC3 Prime, plasmid pUC18 came from Amersham Pharmacia Biotech. Plasmid PRS415 and phage VRS45 were kindly provided by Dr. R.W. Simons of the University of California, Los Angeles, CA, USA.
Cells were grown in either a phosphate-bu¡ered medium [5] or in LB medium [6] . Minimal medium was supplemented with additional growth requirements and with 0.3% (w/v) glucose, glycerol or succinate. Cell cultures (4 ml) were shaken at 37 ‡C at 200 rpm in sterile glass tubes (1.5U12.5 cm). Anaerobic cultures were shaken in sealed anaerobic culture glass tubes (2U15 cm) under 95% N 2 and 5% CO 2: In both aerobic and anaerobic experiments, samples of cells were taken exclusively at mid-exponential growth phase, at OD 600 = 0.2^0.4, after three generations of growth. Each experiment was done at least 10 times. L-galactosidase was determined by the method described by Miller [7] . The results presented show the 95% con¢dence level.
Construction of reporter gene fusion vectors and their insertion into the chromosome
The regulatory regions of ubiD and ubiX genes were inserted into the plasmid pRS415 [8] to construct pHZubiD reg and pHubiX reg . For pHZubiD reg a 339-bp segment was used, which consisted of 99 bp of the 5P end of the upstream rfaH gene (rfaH is transcribed in the opposite direction from ubiD [9] ), a 166-bp intergenic region (Fig. 2) , and 74 bp of the 5P portion of the ubiD gene. For pHZubiX reg a 428-bp segment was used. This consisted of 108 bp of the 3P end of the purF gene, 93 bp of intergenic region ( Fig. 2 ) and 227 bp of the 5P end of the ubiX gene [4] . MC4100 cells were transformed by pHZubiD reg and by pHZubiX reg to produce strains HZ1000D and HZ1000X. These cells were infected by phage VRS45 to created recombinant phages ubiD reglacZ-VRS45 and ubiX reg -lacZ-VRS45 constructs. The resulting phages were used to infect strains MC4100, PC2, PC10, PC35 and GICO3 cells, yielding strains HZ1000Ĥ Z5000 and HZ1100^HZ5100 (Table 1) .
Results and discussion
The genes ubiD and ubiX, having no sequence homologies with each other, both encode enzymes with 3-octaprenyl-4-hydroxybenzoate lyase activities in the ubiquinone biosynthetic pathway (Fig. 1) . These proteins belong to a select group of approximately 200 isofunctional enzymes in E. coli [10] . The redundancy of UbiD and UbiX proteins, occurring at the third step of the pathway, is both puzzling and intriguing.
The regulatory regions of ubiD and ubiX genes were fused to lacZ genes and these constructs were inserted into the chromosomes of the lac negative strains MC4100, PC2 (fnr), PC10 (arcA), PC35 (fnr, arcA) and GIC03 (hemA). Care was taken to select single copy insertion mutants.
A computer analysis [11] of the upstream intergenic regions of ubiD and ubiX genes suggested that both genes were controlled by the c 70 protein and it also identi¢ed the putative transcriptional start sites (Fig. 2) . The promoter strength of ubiX appears particularly weak. Curiously, there is also an apparent c 54 consensus binding sequence [12] in front of the ubiX gene (Fig. 2) . Near the putative transcriptional start site of ubiX there is a consensus c 28 half binding site as well [13] . The regulatory region of the ubiD gene contains a putative ArcA binding site [14] (Fig.  2) . A search of both upstream regions for putative FNR [15] or CAP [16] binding sites was unsuccessful.
The L-galactosidase levels in the constructed strains were determined at mid-exponential phase, during aerobic and anaerobic growth. With minimal medium under aerobic conditions, either glucose or glycerol or succinate was used as the carbon/energy source and during anaerobic growth only glucose was utilized. LB medium was used with or without added glucose both aerobically and anaerobically.
The results are shown in Fig. 3 . During aerobic growth the activities of both genes varied according to the carbon/ energy source used: succinate s glycerol s glucose. In wild-type strains succinate stimulated the expression of ubiD two-fold and that of ubiX three-fold. Loss of FNR, ArcA or both functions increased succinate's stimulatory e¡ect to 2.5^3-fold for ubiD and 1.5-fold for ubiX.
In aerobically growing cells on LB, glucose inhibited the expressions of both ubiD and ubiX by 33%. Missing FNR, ArcA or both functions increased this inhibition to 507 3% for ubiD but diminished it to 10^18% for ubiX. During anaerobic growth in minimal medium plus glucose, missing FNR, ArcA or both functions stimulated the expression of ubiD 2.5-fold and that of ubiX three-to fourfold. Growing anaerobically in LB medium plus glucose, in all genetic backgrounds used in these experiments, the expression of ubiD was severely inhibited by glucose (829 6%), whereas that of ubiX was essentially unchanged. Inhibition of ubiD and ubiX by glucose under most conditions is consistent with previous reports on the regulation of ubiCA and ubiG and suggests an involvement of the CAP protein in the transcription of these genes.
The FNR and Arc systems appeared to inhibit the expressions of ubiD and ubiX under both aerobic and aero- bic conditions. There was no enhancement in the degree of inhibition in the arcA, fnr double mutants, suggesting a common mechanism. Although the FNR protein is generally inactive in air [16] , this may not be so under all conditions. The concentrations of eight polypeptides diminished in an fnr mutant during aerobic growth [17] and the activation of the secondary hyp promoter, located in the hypA coding region, is FNR dependent under both aerobic and anaerobic conditions [18] .
In hemA background the expression of ubiX increased two-fold during aerobic growth, and without air 3.5-fold. In contrast, ubiD expression did not change under either conditions. In air, succinate stimulated the expressions of both ubiX and ubiD 1.5-fold.
The £ux of the entire ubiquinone pathway under aerobiosis was measured, by determining the ubiquinone content of cells [4] . The results presented in Table 2 show good correlation between the levels of expression of ubiD and ubiX genes and the £uctuation of total ubiquinone content. This implies that the decarboxylation reaction of 3-octaprenyl-4-hydroxybenzoate may be one of the rate determining steps of ubiquinone synthesis.
The putative ArcA binding site in the regulatory region of ubiD is of interest, in light of the recent ¢nding that quinones are redox signals for the Arc system [19] . Moreover, the UbiX protein has a signi¢cant sequence homology with the £avoprotein family of diverse FMN binding enzymes (Pfam database [20] accession number PF02441) [21^23] . It is possible that it too binds an FMN molecule and that its activity is a¡ected by the redox potential of its environment.
For this reason we examined whether the expressions of the ubiD and ubiX genes were sensitive to changes in redox conditions. E. coli strains HZ1000 (ubiDreg-lacZ) and HZ1100 (ubiXreg-lacZ) were grown aerobically on glycerol in the presence or absence of 250 WM dithiothreitol for ¢ve generations and then the expressions of the two genes were measured. Thiol treatment increased the expression of ubiD from 425 to 620 Miller units, whereas that of ubiX decreased from 366 to 196 Miller units. This di¡erence hints at di¡erent physiological roles for the two gene products.
2-Octaprenylphenol, the product of the reaction, catalyzed by the UbiD or UbiX proteins may be converted in vitro all the way to ubiquinone by a membrane-associated complex of proteins [24, 25] . This complex is known to contain at least 12 di¡erent polypeptides ranging in size from 40 to 80 kDa [25] . Interestingly, 2-octaprenylphenol has also been implicated in the £agellation process of Salmonella typhimurium [26] . If 2-octaprenylphenol, besides being a metabolic intermediate of ubiquinone, has a second role as a metabolic signal in £agellation, then there is the possibility that one of the two genes producing this substance may also be responsive to £agellation signals. The presence of a putative c 28 half binding site [27] on the ubiX promoter is intriguing. Whether this is signi¢cant will have to await further research. 
